Mitigating the structural damage caused by thermal expansion cycles is a primary objective in the design of concrete structures, such as bridges or buildings. One method to achieve this goal is the introduction of shape memory alloys (SMAs) as a replacement of traditional steel reinforcements in concrete structures. SMAs exhibit a characteristic known as "shape memory effect," which allows the recovery of large deformations through the alloy's martensite and austenite phase transformations. This effect gives SMAs an inherent advantage over steel. The purpose of this paper is to characterize the effect of an embedded SMA rod on a concrete system undergoing a thermal cycle, and to optimize the configuration of these materials. To achieve these ends, a system is modeled in Abaqus, a software suite for finite element analysis, consisting of a concrete block with an embedded, prestrained SMA rod, in which the concrete and SMA material properties have been determined from experimentation and secondary research. A set of the SMA's properties (max transformation strain, coefficient of thermal expansion, stress influence coefficients, and volume fraction of SMA to concrete) are iteratively altered to produce characterization of the rod's effect on the system, and then the same set are again altered using a multi-objective optimization tool to minimize deflection and maximize the temperature where concrete damage occurs. This approach is a cost-effective method to characterize the effects of these material properties and produce results that can be utilized in future projects where SMAs are deployed in large-scale concrete structures.
INTRODUCTION
All concrete structures are subjected to thermal loading cycles throughout their lifetime. These cycles can vary from small, daily temperature changes or from larger, seasonal weather patterns. Temperature change on any scale causes thermal deflections, which can cause problems in structures such as cracking and misalignment, and may ultimately lead to structural failure in infrastructure used by thousands of people each day. When temperature gradients are taken into account, the difference in temperature between the top and bottom surfaces of concrete slabs can cause curling. This curling results in stresses within the slab, which will lead to structural degradation (Mirsayar 2016). However, this paper focuses on translational deflections caused by uniform thermal cycling and leaves the issue of temperature gradients for future work.
To prevent structural deterioration, innovative and adaptive solutions are needed. Fortunately, a likely candidate, shape memory alloys (SMAs), have been at the forefront of research efforts in recent years. SMAs are a polymorphic, "smart" or "multifunctional" material that possess a key and unique phenomenon that give them a distinct advantage over the traditional steel structural supports used in concrete infrastructure today: the shape memory effect (Janke 2005 is the result of a material phase transformation from the high-stress, low-temperature martensitic phase to the low-stress, high-temperature austenite phase, in which the specimen can fully recover the seemingly permanent strains (Hartl 2007) . This ability to recover strains through a change in temperature, as demonstrated in Figure 1 , is what makes SMAs a desirable solution to this application since such a recovery, in the context of uniaxial rods, can be used to oppose the expansive tendencies of a surrounding matrix during heating.
Most research on SMA applications to date has been conducted over the Ni-Ti alloy, commonly referred to as Nitinol or NiTi. However, the high material and processing costs severely limit any commercial application of this alloy, as any system designed to mitigate thermal expansion in civil infrastructure must be scalable so that it is applicable to a plethora of configurations and environments. As an alternative, iron-based SMAs (Fe-SMAs) appear very promising thanks to their low cost and high elastic stiffness . Therefore, a study of the effects of FeSMAs and their material properties on a concrete system through numerical analysis is needed to determine the applicability of Fe-SMAs as a deterrent to structural damage brought about by thermal expansion.
EVALUATION 2.1 Boundary Value Problem
To model the problem, the finite element method is employed through finite element software,
The system as modeled in Abaqus.
Abaqus. The Abaqus model is comprised of a concrete block with an embedded Fe-SMA rod, as shown with the given dimensions in Figure 2 . Table 1 defines the constant material properties along with specimen geometries used in the analysis. The Fe-SMA is considered to have a reference (initial) state such that it is in the martensite phase and gas prestrained to (e.g., the maximum strain it can recover during heating). The concrete is encastered on one end while free on the other. The interaction between the concrete and the Fe-SMA rod is approximated using Abaqus's "embed" constraint, with the concrete being the "host" and the Fe-SMA rod being the "embedded elements" (Smith 2009 ) The embed constraint constrains the translational degrees of freedom of the embedded elements' nodes to that of the host region. One limitation of this approximation is that it cannot consider "slip" between the concrete and Fe-SMA rod. To address this, two different failure criteria were assessed. In the first, the end of the Fe-SMA rod is "anchored" to the exposed surface of the concrete such that debonding between the Fe-SMA rod and concrete is not a concern, making the only failure mode assessed yielding of the rod. In the second, the Fe-SMA rod is connected to the concrete only along its length (e.g., in a cohesive manner, modeled using the "embed" option), and failure is defined as either yielding of the rod or stress in the concrete exceeding . The thermal cycle modeled is outlined in Table 2 . The thermal cycle heating and cooling values were determined based on bridge design specifications for Dallas, TX (AASHTO 2017), and as such the heating and cooling cycle is driven by the local environment. An output of particular interest in the cycle analysis is the total composite block axial strain after heating, . 
Design of Experiments (DOE)
To quantify the Fe-SMA effect on the system, a full factorial analysis is performed, whereby all possible combinations of design variables with one another at each level are considered. For this study, five design variables (detailed in Table 3 ) were evaluated at three levels each, equating to a total of 256 functional evaluations (i.e., FEA runs). Once the data is produced, it is assessed through factor effects plots using the analysis of means. These plots allow each design variable's effect on each output variable to be easily visualized. Table 2 Thermal Cycle in Abaqus
Step Number Process Step-0 Initialize analysis, = .
Step-1 Heat to .
Step-2
Cool to . Cool to . Heat to . Figure 3 is a plot of the temperature-strain curve of an sample design against the Control Case, which is defined as simply a concrete block, having a coefficient of thermal expansion of , with no structural support. is measured from the zero-strain axis. Here we see that, in the case that the Fe-SMA is considered, the iniation of transformation during heating serves to reduce the axial strain expansion. This effect is also exhibited, albeit to a lesser degree, during cooling. The factor effects plot is given in Figure 4 . This graph shows the average value of the output variable at each non-dimensional level of the design variables. For this data, what is important is the slope of the lines, not necessarily the values themselves since it is based on an average value. The steeper the slope, the greater the relative impact of that design variable on the output variable. Figure 5 shows the temperature-stress curve of a sample design over a phase diagram of the material used in that design.
It can be seen from Figure 4 that the Austenite stress influence coefficient, , certainly has the largest overall effect on the system (Lagoudas 2012) . Since the Fe-SMA is initially fully martensitic, it will phase shift into austenite as the temperature approaches . The low range of values used means that the stress-temperature transformations are more sensitive to stresses in the rod. At the same time, has a low impact on the output variable. This is due to the fact that is entirely dependent upon the strain recovery from the austenite phase transformation.
As shown in Figure 3 , during the heating phase, the presence of the rod lowers the strain, which is the key focus of this study. However, after completing the cycle there is a residual strain present at the tip of the concrete block. In infrastructure, this could lead to large gaps in the structure, creating openings for water or other forms of damage. To prevent this, larger transformations must be achieved during the cooling phase of this system. In this study, the phase transformation temperatures ( , , , ) were treated as constant, and were spaced out in agreement with the large thermal hysteresis of Fe-SMAs, which limited the overall phase transformations achieved. Alternatively, one could incorporate this unrecovered strain into the design of a structure by cycling rod elements once before implementation into the matrix bed.
All results shown are for the failure criteria of the anchored rod case. When limiting the stress in the rod to , it was found that this constraint is exceeded easily, and the designs would fail before making any noticeable difference in the strain of the rod. Thus, specific results for those cases need not be reported.
CONCLUSION
Fe-SMAs show promise as a method to mitigate structural damage in infrastructure. Their shape memory effect allows them to recover strains well enough that an Fe-SMA rod is able to counter the thermal expansion of a concrete matrix that it was embedded within. This performance in a heating cycle is encouraging for Fe-SMA's future applicability to this problem, however it was demonstrated that in the complete heating/cooling cycle the rod lead to a larger deformation in the cooling phase, opening up more possibilities for damage. Two solutions are proposed. First, reducing the thermal hysteresis of Fe-SMAs as a critical step in implementing them as structural supports. This reduction will allow the material to complete more of the phase transformations,
